Introduction
Clear cell renal cell carcinoma (ccRCC) is the most common malignant subtype of RCC. 1 A heterogeneous group of malignancies originating from renal tubular epithelium cells, ccRCC is identified by specific histopathologic and genetic characteristics.
2 ccRCC tends to be misdiagnosed or not diagnosed because of atypical clinical presentation in the early stage, and 20%-40% of patients experience recurrence after surgery. 3 Therefore, it is necessary to discover more effective novel biomarkers to use in the evaluation of the clinical prognosis of patients with ccRCC.
Recently, many studies have shown that the progression of tumors is closely related to oxidative stress. Nrf2 a basic leucine-zipper containing transcription factor that binds to the antioxidant responsive element, is a major regulator of many antioxidative and cytoprotective genes 4 as well as the downstream sensor and regulator HO-1. Under physiological conditions, the activation of the Nrf2/HO-1 axis is involved in the maintenance of cellular homeostasis and plays a critical role in the adaptive response to cellular stress, representing a crucial factor in cytoprotection, cell survival, and the prevention of carcinogenesis. However, in cancer cells, the prolonged activation of Nrf2 and HO-1 is ambiguous and deleterious. No study has defined Nrf2 and HO-1 protein expression profiles in ccRCC. In this study, immunohistochemistry (IHC) was performed to investigate the expression profiles of the two proteins in ccRCC and adjacent normal tissues and to assess their associations with various clinicopathological parameters and postoperative survival in ccRCC patients. This study elucidated the roles played by Nrf2 and HO-1 proteins in ccRCC and their potential prognostic value.
Materials and methods

Patients and cell culture
In this retrospective study, archival formalin-fixed paraffinembedded (FFPE) specimens from 152 ccRCC patients treated from January 2010 to December 2012 at the Fudan University Shanghai Cancer Center were obtained. All patients underwent radical or partial nephrectomy without radiotherapy or chemotherapy before surgery. All specimens were fixed in 10% buffered formalin, dehydrated using an ethanol gradient, and embedded in paraffin. Four-micrometerthick serial sections were cut and stained using a 3,3′-diaminobenzidine staining kit (Dako, Glostrup, Denmark). The study was conducted in accordance with the Declaration of Helsinki and was also approved by the Clinical Research Ethics Committee of Fudan University Shanghai Cancer Center. Written informed consent was obtained from all the patients.
Patients (103 males and 49 females) with available followup and clinical data were included in the IHC studies. The related data, including age, gender, ROS, Nrf2, HO-1, immunohistochemistry, prognosis, tumor size, T stage, sarcomatoid differentiation status, and lymph node metastasis, were collected from the medical record system. Patient follow-up visits were performed every month during the first year after surgery and every 3 months thereafter until December 31, 2017. Adjacent normal renal tissues obtained from the same patients were used as controls.
The human ccRCC cell lines 786-O, OS-RC-2, A498, and ACHN were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS (Thermo Fisher Scientific), 50 U/mL penicillin, and 50 µg/mL streptomycin (Thermo Fisher Scientific). They were maintained at 37°C and 5% CO 2 in a humidified atmosphere.
Immunofluorescence
To investigate the localization of Nrf2 and HO-1 in vivo, immunofluorescence analysis of Nrf2 and HO-1 was performed in 786-O, OS-RC-2, A498, ACHN cell lines using the mouse monoclonal Nrf2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-365949) and the rabbit polyclonal HO-1 antibody (Abcam, Cambridgeshire, UK, ab13243). Briefly, formaldehyde-fixed cells (2% formaldehyde for 10 minutes) were washed and incubated with primary antibodies for 20 minutes. Then, the cells were washed and incubated with a fluorescent secondary antibody for 15 minutes. The cover slips were mounted onto slides using Dako fluorescent mounting medium (Agilent, Carpinteria, CA, USA). The cells were scanned using a Leica confocal microscope. The excitation source for Alexa 488 was a 20 mW Argon Laser at 488 nm, whereas the excitation source for Alexa 594 was a 1.2 mW Green HeNe Laser at 543 nm.
Western blotting
Five ccRCC patients' tumor and adjacent normal renal tissues were obtained and lysed in RIPA buffer (Sigma-Aldrich) supplemented with a protease inhibitor (Roche, Basel, Switzerland) and a phosphatase inhibitor (Roche). The protein concentration was measured using a BCA protein assay kit (Thermo Fisher Scientific). The primary rabbit anti-Nrf2 and anti-Ho-1 antibodies were purchased from Abcam.
immunohistochemical staining
Four-micrometer-thick serial sections were cut from the FFPE tissue blocks for IHC. The slides were heated in an oven at 65°C for 1 hour, then deparaffinized (xylene, three times for 15 minutes) and rehydrated using the following series of washes: 100% ethanol for 5 minutes (repeated twice), 3 minutes in an ethanol gradient (twice at each concentration), and finally twice with PBS (3 minutes each). A pilot experiment was conducted, and according to the test results and design requirements, the experimental protocol was improved and fine-tuned.
Heat-induced epitope retrieval was performed with Tris-EDTA buffer (Servicebio, WuHan, China) in a pressure cooker programmed to run for 30 seconds at 125°C, followed by 10 seconds at 90°C. The samples were then cooled to room temperature over 10-20 minutes. After the slides were washed three times with PBS on a shaker (3 minutes each), endogenous peroxidases were blocked by incubation with 3% H 2 O 2 for 10 minutes. This step was followed by blocking in 10% normal serum in PBS for 1 hour at room temperature. 
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The primary Nrf2 and HO-1 antibodies (Santa Cruz Biotechnology) were diluted 1:200 in 5% normal serum in PBS and then incubated with the tissue slices overnight at 4°C. On the second day, the slices were warmed for 30 minutes in a 37°C incubator. Then, the slides were washed three times in PBS on a shaker (3 minutes each). The samples were incubated with the secondary antibodies for 30 minutes. The slides were then washed with PBS as before, followed by staining with 3,3′-diaminobenzidine (Dako) for 1-10 minutes at room temperature. Finally, the slides were rinsed in running tap water and counterstained with haematoxylin (Servicebio, WuHan, China) (generally 10 seconds).
expression scoring
The staining of tumors was quantitated by determining the percentage of positive cells and the staining intensity. 5, 6 All slides were independently evaluated by three board-certified pathologists, and the observers were required to randomly select five different high-power visual fields (400×) from each section to determine the intensity and extent of positively stained cells. The intensity of cell staining was categorized as follows: 0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining. The staining extent scores (percentage of cells stained positive) were assigned as follows: 0, no positive cells; 1, <10% positively stained cells; 2, 11%-30% positively stained cells; 3, 31%-60% positively stained cells; 4, 61%-90% positively stained cells; and 5, >90% positively stained cells. The final staining score was calculated by adding the points from the positive cell percentage and the staining intensity. A score of 0 points was considered an absence of expression (-), whereas 1-3 points were weakly positive expression (+). 4-6 points were moderately positive expression (++), and 7-8 points were strongly positive expression (+++).
statistical analyses
The statistical analyses were performed using SPSS Statistics R23 (IBM, Chicago, IL, USA) and Prism 5.0 (GraphPad, La Jolla, CA, USA) software. To assess the correlations between clinical variables with Nrf2/HO-1 protein expression, the chi-squared test and Fisher's exact test were used for categorical variables. A chi-squared test was also performed to compare the levels of protein expression of Nrf2/HO-1 between tumor tissues and adjacent benign tissues. As the study endpoint, overall survival (OS) time was defined as the time from surgery until the date of death or last follow-up. To determine statistical significance, the OS rate of all patients was estimated by Kaplan-Meier analysis with a log-rank test.
The Cox regression and proportional hazards models were used for univariate/multivariate analysis. All P-values were two-sided. P≤0.05 was considered statistically significant.
Results
nrf2 and hO-1 were consistently located in vitro and upregulated in human ccRCC tissues
As mentioned in the Introduction section, Nrf2 and the downstream effector HO-1 play important roles in tumorigenesis, but their prognostic value in ccRCC is unknown. Immunofluorescence staining was first performed to assess Nrf2 and HO-1 localization. Figure 1A shows that these two proteins are consistently located in 786-O, OS-RC-2, A498, and ACHN cell lines and are both found in the cytoplasm and the nucleus, which suggests that they may exert their functions jointly. We next compared their expression levels in ccRCC tissues and adjacent normal tissues. Figure 1B shows that compared to normal kidney tissues, both Nrf2 and HO-1 protein levels were upregulated in cancer. This finding confirms previous reports that Nrf2 and HO-1 may act as oncogenes in cancer. Moreover, Spearman's correlation analysis suggested a significant positive correlation between Nrf2 and HO-1 expression levels (r=0.9, P=0.0417, Figure 1C ), which further confirmed the relationship between Nrf2 and HO-1.
increased nrf2/hO-1 protein expression in ccRCC
The protein expression levels of Nrf2/HO-1 in ccRCC were determined by IHC ( Figure 2 ). Nrf2 and HO-1 were expressed in both ccRCC and adjacent normal tissues. Positive immunostaining was predominantly localized in the cytoplasm, and low levels of nuclear staining were also evident in some cancer cells ( Figure 3 ). The percentages of ccRCC cells positive for Nrf2 and HO-1 were 78.3% and 85.7%, respectively. Both proteins had significantly higher levels in ccRCC tissues than in the adjacent normal tissues (P<0.05) ( Table 1) .
associations between nrf2 and hO-1 expression and the clinicopathological characteristics of ccRCC patients 
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Correlation between nrf2 and hO-1 protein expression levels in ccRCC tissue
Among the 108 Nrf2-positive patients, 96 (88.9%) were HO-1 positive and 12 (11.1%) were HO-1 negative. Among the 25 Nrf2-negative patients, 18 (72.0%) were HO-1 positive and 7 (28%) were HO-1 negative. The chi-squared test showed that the differences in the expression of Nrf2 and HO-1 in ccRCC tissues was statistically significant (χ 2 =4.729, P=0.030, r=0.435) ( Table 3) .
Protein expression levels of nrf2/hO-1 and the prognosis of patients with ccRCC
The protein expression levels of Nrf2/HO-1 were used to divide the samples into several groups ( Table 4 ). Tissues that were moderately or strongly positive for Nrf2 and HO-1 were N1 T2  N2 T3  N3 T4  N4 T5  N5 HO-1 DAPI Merge labeled as the high-expression group, and those that were negative or weakly positive were labeled as the low-expression group. All patient follow-up information was available. The Kaplan-Meier survival curves were generated to determine the mean survival time (MST) and patient postoperative OS. (Figure 4 and Table 4 ).
Interestingly, through the joint analysis of Nrf2 and HO-1 protein expression in carcinoma and adjacent normal tissues, we discovered that the group with a high expression level of Nrf2 in cancer tissues but no Nrf2 expression in paracancerous tissues had the worst prognosis of all subgroups (MST Table 4 ). The HRs of high protein expression levels of Nrf2/HO-1 in ccRCC but not in paracancerous tissues were 4.932 and 7.436, respectively ( Figure 5A, B) . However, when the Nrf2/HO-1 protein was expressed at low levels in ccRCC but at higher levels in paracancerous tissues, the patient prognosis was improved; the HRs were 0.159 and 0.400, respectively ( Figure 5C, D) .
These results indicate that there are negative correlations between Nrf2/HO-1 protein expression levels and patient OS, and higher levels of expression of both proteins are associated with a worse OS; the subgroup with the worst prognosis is that with high expression level of the Nrf2/HO-1 axis in cancer tissues but no expression in paracancerous tissues.
Univariate and multivariate analyses of the association of clinicopathological factors with Os
Cox univariate regression analysis was performed to investigate the correlations between OS and clinical pathological 
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Deng et al indexes. Eleven prognostic factors were analyzed and showed that ISUP grade, T stage, the presence of perirenal fatty invasion, and the presence of tumor necrosis or sarcomatoid differentiation were related to poor patient survival (P<0.05), while no associations were found with gender, age, intravenous tumor thrombus, fiber capsule invasion, and other factors, including the expression of Nrf2 or HO-1 (Table 5) . Notably, a significant difference was observed in the univariate model when we jointly analyzed the protein expression of Nrf2 and HO-1 in carcinoma and adjacent normal tissues. The multivariate analysis identified the prognostic value of tumor T stage as an independent prognostic factor for ccRCC patients (Table 5) .
Discussion
Recently, advancements in the understanding of the important role that ROS play in modulating cellular signaling have greatly expanded our knowledge of the roles of these reactive 
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Deng et al species in disease processes. 7 An increased ROS level may promote significant injury to cell structure and functions, 8 such as changing the cellular genetic material and triggering tumors. 9, 10 Nrf2 is well known as a transcription factor in the regulation of oxidative stress and inflammation and the maintenance of mitochondrial function and nitric oxide equilibrium. 11 The human Nrf2 gene was first described in 1994 and consists of a 66.1 kDa protein with 589 amino acids, 12 which functions as a key trigger in promoting the expression of various antioxidant proteins. 13 Intricate networks of intracellular signaling events are involved in the activation of transcription factors. The HO-1 protein has been recognized as the key enzyme in the degradation of heme, and its production involves biliverdin, serum ferritin, and serum bilirubin, which function as antioxidants, maintaining the homeostasis of the cell microenvironment. 14 HO-1 is also reported to be a "high-flyer" mediated by Nrf2 to resist anticancer treatments, 13 and the Nrf2/HO-1 pathway has been studied in a variety of diseases. 15, 16 However, the role of the two entities in determining the prognosis of patients tumors, particularly those with ccRCC, is not well defined.
Here, we first determined the localization of the two proteins in vitro and their protein expression levels using immunofluorescence and Western blotting. Then, the correlation between Nrf2/HO-1 expression levels and survival outcomes was analyzed in ccRCC samples. The results showed that the primary locations of Nrf2 and HO-1 were the cytoplasm and nucleus of the tumor, as well as in normal tissues; the two proteins are upregulated in human ccRCC tissues. This finding is consistent with the report by Lister et al 17 who observed that Nrf2 levels were significantly elevated in the cytoplasm and nuclei of pancreatic tumor cells compared to the levels in the matching normal tissues. Accordingly, we agree with the view that the primary signaling response to oxidative stress involves facilitating the movement of cytoplasmic Nrf2 into the nucleus. In the normal state, Nrf2 is combined with Keap-1 in the cytoplasm and forms an enzyme-inhibitor complex that prevents Nrf2 from entering the nucleus. According to the "Keap1-Nrf2" 18, 19 and "latch and hinge" theories, 20, 21 the increased generation of electrophiles or ROS in patients with various disorders releases the restriction on Keap-1, moving Nrf2 into the nucleus where it combines with the 5′-antioxidant response element, activating the Nrf2 signal transduction pathways. Therefore, redox-stimulated tumors or normal cells will tend to differences in the protein expression levels of Nrf2 and HO-1, and the two proteins could be located in both the cytoplasm and nucleus. Consistent with the research results in other systems, our IHC experiments showed that the expression of Nrf2 or HO-1 was significantly higher in ccRCC than in normal tissues. However, 78.3% of ccRCC patients were Nrf2-positive, which was higher than the proportion of Nrf2-positive patients among those with colorectal cancer (66.4%), 22 gastric carcinoma (61.7%), 23 non-small cell lung cancer (26%), 24 and gall bladder cancer (23%). 25 We believe that this difference might be caused by different materials and methods.
A series of prior studies revealed that Nrf2/HO-1 are overexpressed in a variety of tumor cell lines, [26] [27] [28] promoting the proliferation of various tumor cells, including renal cell carcinoma cells. 29 In our work, the chi-squared test showed that the difference in expression of Nrf2 and HO-1 in ccRCC tissues was statistically significant. Clinical pathological index analysis indicated that Nrf2 was associated with tumor size. Kaplan-Meier survival estimates suggested that patients with high expression of Nrf2 or HO-1 tended to have a worse prognosis than those with low expression levels of the two proteins, whereas patients with high expression levels of Nrf2 or HO-1 in cancer tissues but not in paracancerous tissues had the worst prognosis of all the subgroups analyzed. These results further demonstrate that the Nrf2/HO-1 signaling pathway can promote the development of ccRCC.
The Nrf2/HO-1 proteins can function as a "double-edged sword" 30 and are regulated by a number of factors. 31, 32 These proteins protect normal tissues from the damage caused by ROS. 33 At the same time, high expression levels of these proteins may represent the stronger intrinsic power of tumor cells to respond to an adverse environment and to act as antioxidants to protect cancer cells from ROS-mediated injuries. 34 For example, Nrf2/HO-1 were reported to enhance drug resistance. Shibata et al found that mutant Nrf2 promoted cell growth and insensitivity to 5-fluorouracil and γ-irradiation. 35 Lester et al reported that Nrf2 promoted pancreatic adenocarcinomas and attenuated the effects of chemotherapy. 17 These findings may explain why patients who had high expression levels of Nrf2/HO-1 in ccRCC but not in normal tissues exhibited the shortest survival time of all the subgroups.
Conclusion
This is the first report to detect the effect of the protein expression of Nrf2/HO-1 in the prognosis of ccRCC patients. Nrf2 and HO-1 were consistently located in vitro and were upregulated in human ccRCC tissues. Various factors are related to the prognosis of patients with ccRCC, including ISUP stage, T stage, perirenal fat invasion, necrosis, and sarcomatoid differentiation. While the T stage appears to be an independent prognostic factor, it may be important that high expression levels of Nrf2 or HO-1 in patients tended to indicate a worse prognosis, and a high expression in ccRCC but no expression in normal tissues indicated the worst prognosis, showing that the Nrf2/HO-1 axis can be a prognostic factor in ccRCC. These findings provide an important theoretical basis for clinically evaluating the prognosis of ccRCC patients.
